The sexual behavior of the hermit crab Coenobita compressus was studied. The size, gastropod shell species, and sexual behavior of males measured in terms of successful or unsuccessful mating (assessed by spermatophore transfer) are compared, as well as the role of these variables in male-male encounters for the access to females. Since female receptivity (assessed as degree of egg development) could also influence male mating success, the relative number of receptive and unreceptive females that had or did not have spermatophores is used to evaluate whether unreceptive females were induced to mate. We assessed how frequently receptive and unreceptive females were present in the population. An experiment determined if males were able to grab females according to female sexual receptivity. The results show that: 1) behavior and type of gastropod shell in males is not related to mating success; 2) large males won against small males during contests for the access to females; 3) only some receptive females (actually, the less common in the population) received spermatophores even when males tried to mate with receptive and unreceptive females; and 4) female behavior determined the outcome of mating success. These results indicate that male size is important only during male-male competition but not during female choice. Our results also suggest an active role of female behavior in determining the mating outcome and that males are unable to force females to mate, unlike other species in which females, receptive or not, are unable to evade male sexual assaults.
INTRODUCTION
Male attributes, e.g., size, behavior, resources, parental care, that confer advantages in mating and/or fertilization success have been relatively well studied in many animal species (see Andersson, 1994 for a review), but the role of female behavior and sexual reproductive stage have been less studied, despite their potential importance to determine mating outcome (see Peretti and Carrera, 2005 for a review).
In hermit crabs, male success in spermatophore transfer has been usually related to male size, gastropod shell species, and/or behavior (Asakura, 1995; Goshima et al., 1996; Hazlett, 1966 Hazlett, , 1972 Hazlett, , 1981 Hazlett, , 1989 Hazlett and Baron, 1989; Osorno et al., 1998; Wada et al., 1995 Wada et al., , 1996 . Large male size usually grants access to females possibly because large males are more successful during male-male contests (Wada et al., , 1999a Yoshino et al., 2004) , and/or because females choose large males as mates (Hazlett, 1989) . On the other hand, inhabiting a particular gastropod shell species influences male mating performance: males in some shell species are more likely to carry out behaviors that are preferred by females (Hazlett, 1989 (Hazlett, , 1996a Hazlett and Baron, 1989) . Finally, male behavior has also been shown to affect mating opportunities in different ways. For example, the frequency of inverse raps (where the female shell is rapidly drawn towards the male by flexion of his ambulatory legs) in Clibanarius zebra was higher in interactions that resulted in pairings, compared to those that resulted in unsuccessful pairings (Hazlett, 1989) . In some species of hermit crabs, males ''guard'' females (by grasping with their left minor chelae the shell occupied by females and dragging them) prior to mating from 1 to 7 days until females become receptive (Imafuku, 1986; Asakura, 1995; Goshima et al., 1996 Goshima et al., , 1998 . Once she is receptive, the male transfers his spermatophores when she emerges partially from her shell (Hazlett, 1989; Hess and Bauer, 2002) . After mating, guarding continues from minutes to hours presumably to reduce the risk of sperm competition (Hazlett, 1989; Minouchi and Goshima, 1998) .
Similar to what occurs in other animals (reviewed by Eberhard, 1996) , the role of hermit crab females during reproduction has been little studied despite the fact that the female may determine whether mating takes place (Hazlett, 1966 (Hazlett, , 1989 (Hazlett, , 1996a Hess and Bauer, 2002) . Two potentially important variables are female behavior and reproductive stage. Related to female behavior, some investigations have reported that spermatophore transfer starts when the female touches the male mouthparts (Hazlett, 1970 (Hazlett, , 1989 (Hazlett, , 1996a Hazlett and Baron, 1989) . This suggests that females play a key role in hermit crab reproduction, but detailed observations are needed to know to what extent female behavior determines mating occurrence and ending. Female reproductive stage is also relevant in affecting mating occurrence as, possibly, some hermit crab males do not seem to have information on female receptivity (Goshima et al., 1998; but see Imafuku, 1986) . A consequence of this lack of information is that males may grasp any female they encounter and this harassment may affect female mating decisions as predicted by current sexual conflict ideas (Chapman et al., 2003; Arnqvist and Rowe, 2005) . However, if females play an active role in spermathophore deposition, only females without spermatophores y Deceased.
should be receptive, allowing males to mate, for example, by emerging from the shell to receive the spermatophores.
In the context of female choice, one interesting question is: does the shell type inhabited by males determine the mating outcome (Hazlett, 1989 (Hazlett, , 1996a Hazlett and Baron, 1989) ? However, a positive or negative effect of the shell type on mating success cannot be generalized to all hermit crab species, because in shell generalist hermits, males carrying particular shells were more successful in obtaining a mate, but no effect of shells was found in hermit crab shell specialists (Hazlett, 1989 (Hazlett, , 1996a Hazlett and Baron, 1989) . C. compressus could be considered a shell specialist because more than 80% of crabs carried Nerita scabricosta shells (Guillén and Osorno, 1993) . Therefore, we should not expect to find a relationship between shell type and mating outcome if shell species is not a reliable indicator of male condition in shell specialists (Contreras-Garduño & Córdoba-Aguilar, 2006) .
Until now, hermit crab sexual behavior has been studied in the laboratory and only using marine hermit crabs as a model system, but information about sexual behavior of semi-terrestrial hermit crabs is lacking (see Imafuku, 2002) . For example, in C. compressus, shell (Abrams, 1978; Herreid and Full, 1986; Guillén and Osorno, 1993; Osorno et al., 1998 Osorno et al., , 2005 and food (Thacker, 1998) preference have been studied, but its sexual behavior remains unknown. In this paper, our aims are: 1) describe the reproductive behavior of C. compressus in natural conditions; 2) explore how male size, behavior and gastropod shell choice determines male mating success; 3) explore whether female behavior and/or reproductive stage determines the mating outcome; and 4) experimentally test if males respond sexually to the female's receptivity. This last experiment could allow seeing whether males actually try to mate with non-receptive females.
MATERIAL AND METHODS
A population of C. compressus (H. Milne Edwards, 1837) present on Isla Isabel, México (218529N, 1058549W) was studied in July 2002.
Mating Description and Size Advantage of Males in Contests
The sexual behavior of 27 couples was filmed during 24 nights (from 3-27 July) to obtain a description of mating behavior and male-male encounters. Filming was done using a Sony night shot video camera (DCR-TRV830). Mating pairs, male intruders, male-male contests, and post-mate guarder males were followed at a distance of 2-3 meters to avoid disturbing the animals. Those pairs that separated from each other during the first two minutes of the recording, however, were excluded since we assumed that they may have interrupted their mating sequence due to the observer's presence. After pairs had separated from each other at a distance of approximately 30-40 centimetres, crabs were collected to extrude them from their shell (by pulling them gently by holding their appendages) to measure male size (shield length þ posterior carapace length) (CL; for a similar measuring rationale see Osorno et al., 2005) and chelae length (from the propodus to the top of the fixed finger), both measures to the closest 0.01 mm. If another male crab interrupted the mating pair, the ''intruder'' was also collected and similarly measured. To record spermatophore and egg presence, females were housed in plastic boxes (17 3 13 3 8.5 cm) and extruded from their shell to see spermatophore presence (this appears on the female's body), the extrusion of eggs and whether there were eggs inside the pleon (externally, an orange line in the dorsal part of the pleon can be observed).
Size and gastropod shell of males (either Nerita scabricosta, Thais speciosa, or Murex sp.; Guillén and Osorno, 1993) and reproductive stage of females were related to the probability of spermatophore deposition. For this, a second set of 164 (this number differs in some analyses as we were not able to measure all variables in some animals) mating crabs were randomly chosen, observed (until they separated) and the males were measured. We designated successful males as those that transferred their spermatophores and unsuccessful males as those that did not transfer their spermatophores. Animals were sexed by assessing the presence of sexual tubes in males (Tudge and Lemaitre, 2004) .
The Reproductive Stage of Females
After the extrusion of females from their shell, and if they were ovigerous, female reproductive stage (to assign female receptivity or non-receptivity) was recorded. Three reproductive stages were established: 1) ''O'' females with orange eggs recently fertilized (but no visible eyespots); 2) ''D'' females with dark red eggs with visible eyespots, but an incompletely formed body; and 3) ''G'' females bearing both new grey eggs inside their pleon ready to be fertilised and fully developed larvae on pleopods ready to be released into the sea. For a similar classification of females reproductive stage see also Goshima et al. (1998) . ''O'' and ''D'' females were taken as unreceptive females given that they have fertilized eggs on pleopods and did not carry eggs to be fertilized (JC-G, personal observation). On the contrary, we considered ''G'' females as receptive as they have fully developed eggs on pleopods, but new eggs inside their pleon ready to be fertilized (JC-G, personal observation). Although all stages carry fertilized eggs on pleopods, females of different categories vary as for how soon the new eggs can be fertilized. In this case, G females have already produced eggs to be fertilized immediately while the O and D females will take time to have their eggs ready for fertilization, which may take as long as 20-30 days (JC-G, unpublished data). Although we also found non-ovigerous females, their sample size was extremely minimal to be statistically relevant.
In addition, we recorded the receptivity of 99 solitary females. This data set was used to see how frequent the female reproductive stages were in the population which can give an idea of how frequently males can find a receptive female.
Do Males Recognize Receptive Females and
Avoid the Unreceptive Ones?
We investigated whether males were more likely to grasp a receptive (G) or unreceptive female (O or D). Ten G females, 10 O females and 10 D females were collected by one observer and were then housed in the plastic box to record their reproductive stage. These females were then released and closely observed during a five minute period and it was recorded whether or not a male grasped the female shell. The tests were blind: one observer collected the female to see her reproductive stage, and a second observer that did not know if female was receptive or not followed the female at a distance of 3 to 4 meters.
Analysis
Given that different numbers of successful and unsuccessful males are compared with differences in shell use, we used a contingency table (r 3 c) where r ¼ 2 (successful and unsuccessful males) and c ¼ 3 (shell carried: Nerita scabricosta, Thais speciosa, and Murex sp.). As for females, it was tested frequency differences in the number of females that had a spermatophore or not (r ¼ 2) in relation to their reproductive stage (c ¼ 3: G, O and D). All morphometric measures are given in mm, while duration of events is given in min. Mean 6 SD error are shown unless stated otherwise.
RESULTS

Mating Behavior
Mating crabs were found inside small caves and on the beach. In caves, males either searched for females or took a female that approached close to them. We only recorded the mating behavior observed inside the caves since only three matings were observed on the beach (crabs on this latter site were mainly searching for food).
Once a female was found, the male grasps and holds her shell using his ambulatory legs and right and left chelae. Then, the male turns her around until the shell apertures of both animals face each other. These interactions lasted from 3.11 to 49.50 minutes (17.13 6 14, n ¼ 27). In a successful mating, when shell apertures face each other, the male sexual tubes are in contact with the female ventral surface of cephalothorax and pleon. In this position, the male was then able to transfer his spermatophores. After spermatophore transfer, the male remained in the vicinity and closely followed the female. At some occasions, the male is on the top of the female shell while she is moving. If another male touches the pair (n ¼ 17), the mating male hits and throws the intruder male (n ¼ 15). All guarded females (n ¼ 27) carried spermatophores. Minimum and maximum recorded female spawning time was from 3 to 24 hours respectively.
Mating Success Related to Shell Type and Size of Males
Male Shell Type.-As found previously in this population (Guillén and Osorno, 1993) , the most common shell species used by both sexes were Nerita scabricosta (87.2%) followed by Thais speciosa (8.1%) and Murex sp. (4.6%; n ¼ 176; 
Male-male Contests
Male contest behavior proceeded as follows. The mating male hit the intruder male's shell or body parts by flicking his large chelae back and forth. Some strikes were strong enough to make the intruder male turn over, while others barely moved him. During male aggression, sometimes the intruder male hit the female's body. The mating male invariably hit back after being attacked. The resulting ''winner'' of these encounters remained close to the female, while the ''loser'' left the site. Contest duration took 0.87 6 0.55 minutes (range: 0.15-2.02; n ¼ 17). In all cases, the larger male ''won'' the encounter. We examined the effect of size on the probability of winning a contest and found that the CL was larger in winning males (12.31 6 0.7, n ¼ 17) than in losing males (10.09 6 0.53, n ¼ 17; t test ¼ 2.51, P ¼ 0.01; Fig. 1 ). The same trend was found for the right (winners: 14.56 6 0.66, n ¼ 17; losers: 12.43 6 0.47, n ¼ 17; t ¼ 2.6, P ¼ 0.01) and the left (winners: 11.27 6 0.55, n ¼ 17; losers: 9.48 6 0.43, n ¼ 17; t ¼ 2.5, P ¼ 0.01) chelae. Both chelae were correlated with CL (right chela: r ¼ 0.77, n ¼ 34, P , 0.0001; left chela: r ¼ 0.82, n ¼ 34, P ¼ 0 0.001).
Copulation Success Related to Female Behavior and Reproductive Stage
Female Behavior.-All females that received spermatophores remained inside their shell. Unreceptive females flicked their appendage to avoid the pre-mate guarding by males. There were two ways by which females separated from males. Females either separated on their own, e.g., females walked away and males did not grasp them again, or they left when another male interrupted during pair interaction. In the majority of cases (59 out of 76) (X 2 ¼ 23.21, d.f. ¼ 1, P , 0.0001) separation was via the former method, while in the rest of the cases (17) males interrupted. Female Reproductive Stage.-As predicted, females with spermatophores were predominantly G females (93%, n ¼ 25), followed by D females (7%, n ¼ 2). O females never carried spermatophores (X 2 ¼ 19.5, d.f. ¼ 1, P , 0.0001). Females without spermatophores were predominantly D females (67% n ¼ 52), while O and G were represented by 18% (n ¼ 14) and 15% (n ¼ 11) respectively (X 2 ¼ 39.29, d.f. ¼ 2, P , 0.0001).
Our results of the sample of solitary females and their reproductive stage revealed that most females were in reproductive stage D (57%, n ¼ 56) followed by O females (14%, n ¼ 14) and then G females (29%, n ¼ 29;
Do Males Recognize Receptive Females and
Avoid Non-unreceptive Ones?
We did not find that males grasped more receptive females (G) than unreceptive females (D or O) during our trials. Nine out of 10 G females (90%) were grasped and 8 out of the 10 D and O females (80%) were grasped (X 2 ¼ 0.80, d.f. ¼ 2, P ¼ 0.67).
DISCUSSION
Evidence from studies of other species of hermit crabs indicates that identity of the shell is an important variable affecting mating success, i.e., Calcinus tibicen (Hazlett and Baron, 1989 ). In C. compressus, the species of shell preferred is N. scabricosta (Guillen and Osorno, 1993) , and crabs living in these shells grow at a rate of ten times 6.2% (2) 8.7% (9) Fig. 1. Size differences (CL) (mean 6 SE) between winning and losing males during male/male encounters in C. compressus.
greater than crabs living in heavier shells such as that of Thais speciosa, reaching a better energetic condition (Contreras-Garduño, 2001; Osorno et al., 2005) . This indirect effect of shell choice explains why individuals engage in fights for shells of N. scabricosta, sometimes with deadly consequences (Osorno et al., 1998) . This study found that successful males (those that mated) were not more likely to have a particular type of shell, including N. scabricosta. The effect of shell species positively affects development and growth but it may not be relevant for mating success since any shell inhabited by males may grant equal access to females. This result and that of Hazlett (1989) suggest that in shell specialist hermit crabs the shell type is not important during inter-sexual selection because the majority of males carry the same shell species. However, in shell generalist species, the ability to procure particular shell species is under selection with male traits such as competitive ability reflecting male vigour or strength. A deeper comparison between shell specialists and generalists will be useful for knowing the adaptive consequences to shell selection by females, and comparative studies taking into account the phylogeny of those crab species where females choose for some particular shell types will provide information about the evolution of female choice based on the shell carried by males (for a similar suggestion see Contreras-Garduño & Córdoba-Aguilar, 2006). Hermit crabs are sexually dimorphic in size, males being larger than females (Bertness, 1981; Asakura, 1995; Goshima et al., 1996; Osorno et al., 1998; Wada, 1999 Wada, , 2001 Wada et al., 1999a Wada et al., , 1999b Mantelatto and Martinelli, 2001; Yoshino et al., 2002) . It has been suggested that female choice or male-male competition could be responsible for this size difference (Wada et al., , 1999a . However, we did not find that males that transferred their spermatophores were larger than males that were unable to do this despite the size advantage of large males in aggressive contests. We interpret this to mean that size might be advantageous during male-male contests, as a first sexual selection stage, but not during female choice, as a second stage. Therefore, in this second stage, females appear to base their mating decision on variables other than body size or species of gastropod shell.
In contests for females, C. compressus winning males had larger chelae than losers, and they used their chelae to hit their male opponent. Hazlett (1968) and Yoshino et al. (2004) found a similar result in Diogenes pugilator and Pagurus filholi respectively, two marine hermit crabs. The sexual selection pressure on overall size and structures used in fighting, resembles that observed in males of other species, e.g., antlers of deer, horns in bighorn sheep, and insects (reviewed by Andersson, 1994) . The basis for this, similar to those of other species (see Andersson, 1994) , is that those males with larger fighting structures (as chelae in hermit crabs) are animals in better condition, and females may obtain an indirect benefit for their offspring by mating with these individuals (Wong and Candolin, 2005) . Given that females may receive some hits by intruder males, one question related to this is to see what costs may be paid by females during male-male contests. In addition and similarly, it would be interesting to know the costs males pay as a consequence of their fights.
The behavior of a male hermit crab may determine his mating success (Hazlett, 1989) . In other species, a complex behavioral repertoire is expressed previous to spermatophore transfer (Hazlett, 1989) . This behavior may be the means by which females assess male quality or it may be used by males to forcefully extrude the female from her shell. For example, mate guarding before mating takes more time in marine species as Pagurus, in which males attempt to drag the female from 1 to 7 days (Imafuku, 1986; Asakura, 1995; Goshima et al., 1996 Goshima et al., , 1998 . In Pagurus filholi, females apparently try to avoid the male mating advances by flicking their chelipeds, but they often end up accepting copulation (Yamanoi et al., 2006) . In some insects, this forceful way of mating, by which larger males can induce females to mate, is common, e.g., water striders (Arnqvist and Rowe, 1995; Weigensberg and Fairbairn, 1996) and flies (Blackenhorn et al., 2000; Pitnick and García González, 2002) . In C. compressus, although males attempt immediately to transfer their spermatophores, our results suggest that the role of females is presumably important to predict mating outcome given that we found that females may move their appendages to avoid the male precopulatory guarding, were able to walk away from the males, and the male persistence did not affect female mating decision (as judged from the fact that although nonreceptive females were also grasped, only some receptive females received spermatophores). This is contrary to what is predicted by the sexual conflict hypothesis (sensu Chapman et al., 2003; Arnqvist and Rowe, 2005) . This school of thought assumes that males can subdue females to mate. A comparison between marine and terrestrial or semi terrestrial hermit crabs could reveal the ecological factors or life history traits that determine the difference in mate guarding time, female avoidance of male harassment and opportunities and/or restrictions for female choice. One hypothetical condition for male coercion/female choice could be the female/male size ratio, which if it is in favor of the males, may allow them to subdue females. This can be the case of species whose males are extremely large such as P. filholi, where males may be more than twice larger than females (Minouchi and Goshima, 1998) , but it is not the case in other species such as C. compressus, whose males are 21.46% larger than females (Osorno et al., 1998) .
In many species, the role of females during mating has been studied less than the role of males (Eberhard, 1996) , and hermit crabs are a clear example of this pattern (Contreras-Garduño and Córdoba-Aguilar, 2006) . Female behavior in hermit crabs is apparently important to determine the outcome of mating (Hazlett, 1966 (Hazlett, , 1989 (Hazlett, , 1996a Hess and Bauer, 2002) although its role has been underestimated (Contreras-Garduño and Córdoba-Aguilar, 2006) . Two pieces of behavioral evidence support this view. On one hand, the mating sequence starts only after a female touches the male's mouthparts with her chelipeds or ambulatory legs (Hazlett, 1970 (Hazlett, , 1989 (Hazlett, , 1996a Hazlett and Baron, 1989) . On the other hand, the mechanisms by which female choice may bias paternity have not been investigated. Related to this, a recent paper by Yamanoi et al., (2006) suggests that females delay oviposition to favour male-male competition and use this as an opportunity to ''wait'' for mating with a larger male. All these studies suggest that females influence mating outcome, which, in general, support the view that females play a key role during mating. Our results suggest that only receptive females come outside the shell to allow spermatophore transfer. Interestingly, these receptive females are less common than unreceptive females in the population but do not necessarily accept spermatophores, which suggests that despite their sexual status, they do not necessarily mate. Furthermore, our experiments suggest that males grasp all females they encounter, but male persistence is not sufficient for a successful spermatophore transfer. One alternative explanation could be that males collect information about female receptivity directly by grabbing females and then deciding to leave them if females are unreceptive. For example, if females move their chelipeds to communicate sexual receptivity, males may only receive this information when grabbing the female and then decide whether to continue or not with that particular female (for a similar rationale of a contact sex pheromone but in a shrimp see Caskey and Bauer, 2005) .
Why is it that males of C. compressus seem to have incomplete information about female receptivity and do not tend to grasp only receptive females? Mate attraction in hermit crabs is aimed by pheromone production (Hazlett, 1966; Hazlett and Rittschof, 2000) rather than tactile or visual stimulus (Imafuku, 1986) . In C. compressus, males may detect a female at a distance of 10-15 centimetres (Contreras-Garduño, unpublished data). For example, in the marine hermit crab Pagurus geminus, the male does not need to touch the female as it detects her odour at a short distance (a few centimetres): males detect females with the antennules and are able to distinguish receptive over unreceptive females (Imafuku, 1986) . This suggests that females are consistently releasing information about their status into the environment. Furthermore, Goshima et al. (1998) found that P. filholi females produced pheromones and males responded to a threshold value only, detecting females but not accessing their mating status. This precluded males from showing a preference for female size, the time remaining until spawning or fecundity. Given that receptive females were less frequent than unreceptive ones (as also occurs in our study), males may adopt a strategy of pairing with the first female they encounter (Goshima et al., 1998) . This evidence goes against the alternative hypothesis that males collect information of female receptivity by grabbing females.
Related to the pheromone-based communication, an indepth study of pheromone production in hermit crabs would be illuminating to know whether males, in general, are able to recognize or not the female status. This will clarify, for example, if female pheromone production changes with female receptivity among species and environments (terrestrial versus marine). A basic prediction is that changes in female pheromone production should not be expected in species in which males do not recognize female reproductive status, as is presumably the case of C. compressus. Furthermore, the way of detection of pheromones is likely to be different in marine and terrestrial hermit crabs. It is known that terrestrial crabs, for example, have developed odor-based adaptations (Vannini and Ferretti, 1997) , which suggests high levels of communication complexity. As for sexual communication, the aquatic environment provides more stable conditions for pheromone transmission compared to terrestrial habitats. If this is the case, one would expect less complex communication in terrestrial species with males being unable to detect female reproductive status.
In addition, an interesting topic that, as far as we know, remains unstudied in this animal taxon, is to know the physiological basis of production, regulation and reception of pheromones to attract a mate (in females) and recognize it (in males), and to establish possible differences between marine and terrestrial hermit crabs. Stensmyr et al. (2005) found that the olfactory sense of Virgus latro is similar to that of insects. The same method used in this study may be adopted to investigate the pheromone-based communication in hermit crabs.
